Abstract. Dietary patterns may play an important role in protecting the brain from the cellular and cognitive dysfunction associated with the aging process and neurodegenerative diseases. Tree nuts are showing promise as possible dietary interventions for age-related brain dysfunction. Tree nuts are an important source of essential nutrients, like vitamin E, folate, and fiber. Tree nuts also contain a variety of components, such as phytochemicals like flavonoids, proanthocyanidins, and phenolic acids, as well as monounsaturated and omega-3 and omega-6 polyunsaturated fatty acids that have the potential to combat age-related brain dysfunction. Evidence is accumulating that suggests that tree nuts and their bioactive constituents have the potential to reduce oxidative stress and inflammation, as indicated by decreased lipid peroxidation in vivo and reduced production of the free radical nitric oxide and the pro-inflammatory cytokine tumor necrosis factor-alpha in vitro. Also, tree nut consumption might have the ability to mitigate some of the cognitive decline associated with aging. Here we review the current knowledge of how the consumption of nuts may improve brain health, specifically focusing on walnuts, almonds, pistachios, and pecans.
Introduction
In the brain, aging has been characterized by losses in neuronal function accompanied by behavioral declines such as decrements in motor and cognitive performance, in both animals and humans. Oxidative stress and inflammation are thought to be important factors in brain aging and age-related neuronal dysfunction [1, 2] . The central nervous system, particularly during aging, is highly susceptible to oxidative stress and inflammation, with both increasing in tandem with age, compiled with a loss of efficiency by which the body's natural defense mechanisms mitigate these insults. In essence, aging is a condition where stressors are not countered by protective functions, leading to a cascade of altered signaling and ultimately to the injury or death of neurons, resulting in permanent modification of biological and behavioral processes, increasing the risk of various neurodegenerative diseases, and immensely compromising the quality of life [3] [4] [5] [6] . Apart from being debilitating in nature on the elderly, these diseases are an enormous economic burden on society with a direct annual economic cost for caregiving in Alzheimer's disease alone estimated at $183 billion in 2011 [7] . However, it is worth noting that the clinical manifestation of these devastating diseases takes approximately 8-10 years, and in certain cases up to 25 years, indicating a covert initiation and progression originating in the brain. In the search for a cure for these age-related diseases, prevention has received much less attention; however, a growing number of studies suggest the potential benefit of boosting the brain's endogenous defenses by supplementing with fruits and vegetables rich in natural phytochemicals.
Evidence is accumulating to suggest that dietary patterns may play an important role in protecting the aging brain from cellular and cognitive dysfunction. Dietary supplementation with a number of foods has been shown to induce a multiplicity of protective effects against some aspects of age-related behavioral and cellular dysfunction [8] . Higher consumptions of certain foods or specific dietary patterns, such as the Mediterranean diet, are associated with reduced risk of cognitive impairment, which is thought to be due to the increase in nutrient intake [9] [10] [11] . For example, in a prospective cohort study, Gu and colleagues [12] found that, in people 65 years of age or older, a dietary pattern of eating salad dressing, nuts, fish, tomatoes, poultry, cruciferous vegetables, dark and green leafy vegetables, and fruits, while low in high-fat dairy, red meat, organ meat, and butter consumption, is significantly associated with Alzheimer's disease risk and is strongly protective against its development. This dietary pattern reflects a diet rich in omega-3 and omega-6 polyunsaturated fatty acids (PUFAs), vitamin E, and folate and poor in saturated fat and vitamin B12.
One of the food categories showing promise as a possible dietary intervention for age-related brain dysfunction is tree nuts, which are important sources of nutrients for humans that have been used by ancient civilizations to prevent or treat disease [13] . Currently, the dietary recommendations established by the United States Department of Agriculture states that tree nuts are an important source of dietary protein, with half an ounce of nuts (approximately 14 grams) considered a daily serving of protein, and are also important sources of dietary fiber and unsaturated fats [14] . In contrast to the botanical classification, the common culinary and English usage of the term "nut" may refer to many hardened edible kernels (i.e. seed) referred to as "nuts". In the United States, tree nuts such as almonds (Prunus dulcis), cashews (Anacardium occidentale), macadamias (Macadamia integrifolia and tetraphylla), pecans (Carya illinoinensis), pistachios (Pistacia vera), and walnuts (Juglans regia) are commonly consumed. Among these, almonds, walnuts, pistachios, and pecans are the major tree nuts that are domestically grown and constitute more than 75% of the total consumed among all tree nuts utilized in the United States (Table 1) . Most current scientific research on the health benefits of nuts is from the field of cardiovascular research [15, 16] , and a limited amount of research is focused on the health benefits of nuts for the brain. The Adventist Health Study [17] , a prospective cohort study comparing Seventh-Day Adventists who often maintain a vegetarian or vegan diet versus non-Adventists, found that those who consumed nuts more than four times a week experienced fewer fatal coronary heart disease events compared to those who consumed nuts less than one time per week. Along these lines, the cross-sectional Nurses' Health Study [18] found that women who frequently con- sumed nuts had a reduced risk of fatal coronary heart disease and non-fatal myocardial infarction. Moreover, prospective data in US male physicians suggests that men who consumed nuts two or more times per week had reduced risks of sudden cardiac death and total coronary heart disease death compared to men who rarely or never consumed nuts [16] . Given the potent anti-inflammatory effects that nut consumption can have in the cardiovascular system, it stands to reason that nuts may also act as anti-inflammatory agents in the brain. Nuts contain a variety of components, such as phytochemicals and PUFAs that may have the potential to combat age-related brain dysfunction. Here we review the current knowledge of how the consumption of nuts may improve brain health.
Polyunsaturated fatty acids from tree nuts: Potential health benefits
Although every nut has different combinations and levels of various nutritional components, nuts are known to be good sources of fat, protein [19] , and phytosterols [20] . However, most of the tree nuts vary widely in their fatty acid composition (Table 2) and therefore might contribute differentially to health benefits. It should be noted that, as nuts are high in fat and therefore energy-dense, consumers sometimes regard them as fattening foods. However, data suggest that adding nuts to a diet generally does not produce weight gain and may even help with weight loss [21] . Furthermore, nuts are most known and touted for their richness in unsaturated fat, which is generally considered to be a healthier type of fat compared to saturated fat [22] . The PUFAs that nuts contain have garnered the most attention. Alpha-linolenic acid (C18 : 3n-3, ALA) is an omega-3 fatty acid found in nuts and is the precursor for the long-chain omega-3 fatty acid eicosapentaenoic acid (C20 : 5n-3, EPA), which is then converted to docosahexaenoic acid (C22 : 6n-3, DHA). The conversion of ALA to EPA and then to DHA involves further desaturation of the fatty acid chain by increasing the number of double bonds and elongation through the addition of carbon atoms. Omega-3 fatty acids have been shown to be anti-inflammatory and to decrease reactive oxygen species production [23] . Linoleic acid (C18 : 2n-6, LA) is an omega-6 fatty acid found in nuts and is the precursor to arachidonic acid (C20 : 4n-6, AA). The PUFAs ALA and LA are essential nutrients, as they cannot be synthesized in the body and must be obtained from the diet. They are critical in the formation, stability, and fluidity of neuronal cell membranes, and abnormalities of cell membrane PUFA composition can alter membrane microstructure and result in abnormal signal transduction [24, 25] . Foods high in PUFAs have been shown to protect the brain from numerous insults associated with aging [26] [27] [28] [29] [30] and may possibly allay age-related cognitive decline [27, [31] [32] [33] . Dietary supplementation with PUFAs has been shown to slow age-related cognitive decline in humans. In a population-based, prospective study in non-demented elderly subjects (65-84 years), it was found that high monounsaturated fatty acid and PUFA energy intakes were significantly associated with better cognitive performance on the Mini-Mental State Examination in a 8.5-year follow-up assessment [34] .
The ideal dietary ratio of omega-6 to omega-3 has been determined to be somewhere between 5 : 1 and 1 : 1, and may vary with the disease under consideration [35] . However, individuals who consume a Western diet typically eat omega-6 and omega-3 fatty acids in a ratio of 15 : 1-16.7 : 1, reflective of our over-consumption of omega-6 PUFAs and underconsumption of omega-3 PUFAs [35] . It should be noted that there are other food sources of PUFAs, such as fish like salmon, sardines, herring, mackerel, and tuna. Fish contain the omega-3 fatty acid DHA. There is debate as to whether it is more beneficial to consume omega-3 PUFAs in the form of DHA rather than ALA for brain health, as DHA, not ALA, is the fatty acid that accumulates in the brain [36] . However, data has shown that ALA is successfully converted to EPA and DHA in the human body [37] . Inconsistencies in data from studies regarding conversion of ALA to EPA and DHA may be due to a number of factors, such as gender, as females demonstrate greater conversion of ALA to EPA and DHA compared to males [37] or genetic variations among people [38] . Most adults in the United States do no consume enough omega-3 fatty acids and it has been suggested that this may be due to an unwillingness or inability to consume marine sources of PUFAs. Nuts may present a pleasant and feasible way to increase the intake of dietary PUFAs, and they can be added to various foods or eaten as a snack. Furthermore, people may be concerned about the mercury content of fish, for example King Mackerel contains 110 mcg/4 ounces [14] . This level of mercury is high enough to be listed as a type of fish that should be avoided by women who are pregnant or breastfeeding. Thus, tree nuts may provide another way to obtain sufficient PUFAs in one's diet if there are concerns about obtaining all of the necessary PUFAs from marine sources.
Health promoting phytochemicals in tree nuts
Nuts contain an abundance of other nutrients such as vitamin E, fiber, minerals, and folate [39] . Additionally, plants, including nut-bearing plants, synthesize an enormous number of secondary chemical compounds, widely known as phytochemicals, for survival and perpetuity. These include, but are not limited to, flavonoids, carotenoids, phenolic acids, phytosterols, organosulfur compounds, alkaloids, tannins (proanthocyanidins), phenolic aldehydes, and so on [40] . Moreover, tree nuts also vary in their phytochemical composition based on the growing conditions, species or genetic variability, or post-harvest conditions [40] . Major phytochemical contents of the four major tree nuts are given in Table 3 .
Research suggests that phytochemicals extend a multitude of health benefits to humans, mainly through a combination of additive and/or synergistic effects derived from their antioxidant and anti-inflammatory capabilities. Nuts contain a specific class of phytochemicals, phenolic compounds, such as flavonoids, anthocyanidins, phenolic acids, which are potent antioxidants in vitro. These polyphenolics are found in many fruits and vegetables and have been demonstrated to be good candidates for consideration as therapeutics in combating aging and neurodegenerative diseases [41] . As one example, polyphenols have been shown to be involved in the restoration of calcium homeostasis in the striatal and hippocampal regions of the brain, which are crucial for primary and secondary memory functions [42, 43] . Vinson and Cai [44] measured free and total polyphenols in nine Table 2 Major fatty acid composition of the four predominantly consumed tree nuts [109, 110] different types of raw and roasted nuts. Walnuts had the greatest amount of free and total polyphenols when combining raw and roasted nut data. It should be noted that much of the phenolics are located in the pellicle of nut, the outer tan brown skin surrounding the kernel of the nut. This thin cover is only 5% of the nut weight, but it is naturally rich in antioxidant phenolic compounds that help protect the kernel against oxidation (i.e. rancidity) [45] . Thus eating industrial processed nuts that have removed pellicles could decrease much of their antioxidant capacity [46] .
Walnuts
When compared to a variety of tree nuts, such as almonds, cashews, hazelnuts, macadamia, pecans, and pistachios, walnuts (Juglans regia) were found to have the highest total antioxidant capacity as determined by oxygen radical absorbance capacity (ORAC), ferric ion reducing antioxidant power, and trolox equivalent antioxidant capacity assays [47, 48] . Walnuts are abundant in phenolic compounds, particularly syringic acid and juglone [49] . In a study of walnuts, brazil nuts, pistachios, pecans, and almonds, it was found that roasted and raw walnuts had significantly more free and total polyphenols than all the other raw and roasted nuts, respectively [50] . The study also found that walnut-bound polyphenol antioxidants are twice as effective as those found in almond and five times more effective than peanut in a lipoprotein binding assay that determines the binding and lipoprotein bound antioxidant activity [50] .
While many nuts, like almonds and pistachios, contain more monounsaturated fats than PUFAs, walnuts are comprised primarily of PUFAs (Table 2) , making them an excellent source of essential dietary PUFAs [51] . Although many of the health benefits of walnuts are attributed to PUFAs, walnuts contain a number of other potential neuroprotective compounds including oleic acid, ellagic acid, vitamin E, folate, and numerous antioxidant polyphenolics [52] . Walnuts also contain melatonin, a hormone synthesized in the pineal gland that is critical for circadian rhythm regulation [53] . Melatonin deficiency has been linked to degeneration of cholinergic neurons in the basal forebrain and deposition of aggregated proteins in the brain, such as amyloid beta peptides, leading to cognitive impairment and dementia [54] . Melatonin is also a free radical scavenger and antioxidant [55, 56] . Rats that were fasted for 24 hours, and then given ad libitum access to walnuts for four hours, demonstrated a significant increase in serum melatonin levels compared to control rats, which was correlated with an increase in total antioxidant capacity of the serum, indicating the ability of the blood to detoxify free radicals [53] .
Also, nuts may reduce inflammation in the cardiovascular system. Walnuts have been shown to be beneficial for cardiovascular health. A walnut-and walnut oil-rich diet reduced the inflammatory and cardiovascular risk factors among hypercholesterolemic men and women [57] . These beneficial effects were attributed, at least in part, to reductions in C-reactive protein. These effects were further corroborated in hypercholesterolemic subjects, where walnut diets reduced the production of proinflammatory cytokines in serum [58] . A meta-analysis of the effects of walnuts on lipid parameters found that diets supplemented with walnuts resulted in significant reductions in total and low-density lipoprotein (LDL) cholesterol concentrations, without having an adverse effect on body weight [59] . Reductions in cardiovascular disease risk factors may be associated with better brain health, as cardiovascular disease is also associated with the development of cerebrovascular disease, stroke, and mild cognitive impairment [60, 61] .
Even though research reports indicating the specific effects of walnut consumption at the brain cell and molecular level are limited, a few available reports support the beneficial effects of walnuts on brain health. In fact, much of the current research addressing the effects of tree nuts on the brain is from research with walnuts. Walnut oil extract has been shown to inhibit lipopolysaccharide (LPS)-induced activation of microglia cells. Treatment of BV2 microglial cells with methanolic extract of walnut (0.01, 0.1, and 1 mg/ml) prior to LPS exposure, resulted in an attenuation of LPS-induced production of the free radical, nitric oxide, and reduced expression of inducible nitric oxide synthase and the inflammatory cytokine, tumor necrosis factor-alpha [28] . These data suggest that walnuts may be able to mitigate both oxidative stress and inflammation, two purported factors in age-related decline. Further evaluation also revealed that walnut oil extract internalized the LPS receptor, toll-like receptor-4, demonstrating that walnut was having direct effects on microglial cell signaling. Furthermore, Willis and colleagues reported that walnut-supplemented diets enhance cholinergic transmission in the striatum either through increasing acetylcholine (ACh) synthesis or inhibiting ACh esterase, which hydrolyses ACh, among aged rats [30] . It has been postulated that ACh esterase activity increases with age, leading to dysfunction of cholinergic neurons, in turn leading to cognitive declines similar to Alzheimer's disease [30] .
The potential brain health benefits of walnuts were further corroborated by research reporting the effects of walnuts on cognitive behavior in aged rats [33] . In this study, 19 month old rats consumed diets containing 0%, 2%, 6%, or 9% ground English walnut (including skins) for two months. Animals consuming the 2% and 6% walnut diet showed some improvement in tests of balance compared to the 0% walnut-fed group. Furthermore, the rats maintained on a 6% walnut diet also located a hidden platform sooner in the working memory version of the Morris water maze. However, animals consuming the 9% walnut diet showed impaired performance on one test of balance and took longer to locate a hidden platform in the Morris water maze during the first of each pair of trials, relative to 0% walnut fed rats. While too much walnut was disadvantageous, the most beneficial dose is in line with the current FDA recommendations for nut consumption, which is one ounce/day for humans. The brains of these rats were evaluated in a separate study and it was found that the brains of 19 month old rats that were fed a walnut-supplemented diet showed activation of autophagy, a neuronal housekeeping function, and reduced aggregation of polyubiquitinated proteins in the striatum and hippocampus [62] . This activation of neuronal housekeeping function is achieved through inhibiting phosphorylation of the mammalian target of rapamycin, up-regulating ATG5 and Beclin 1 (both ubiquitin-binding proteins), and increasing conversion of MAP1BLC3-I to LC3-II. The clearance of ubiquitinated aggregates such as sequestosome 1 (p62/SQSTM1) was followed by significant reductions in the levels of p38 mitogen activated protein kinase and phosphorylation of nuclear factor kappa B and cyclic AMP response element-binding protein [62] .
A recent study in rats further extends the behavioral data in rodents supporting that consumption of walnuts can result in detectable behavioral changes and direct effects on the brain [63] . Rats were orally administered 80 mg of finely crushed walnuts mixed with water, daily for 28 days. As the rats were approximately 200 grams each, this is about 450 mg/kg/day; in human terms this would be equivalent to a 60 kg person consuming approximately 27 grams a day. Rats fed the walnut solution demonstrated significantly better memory retention in both elevated-plus and the radial arm mazes compared to rats that did not receive the walnut solution. Walnut consumption also elevated levels of brain serotonin, tryptophan, which is the precursor to serotonin, and 5-hydroxyindoleacetic acid, a metabolite of serotonin, compared to rats not administered the walnut solution. Walnuts are rich in tryptophan, and it is possible that the walnuts increased serotonin metabolism, which may be responsible for the increase in memory retention. Previous studies support this hypothesis, as it has been demonstrated that tryptophan administration enhances cognitive performance in rats [64, 65] . It should also be noted that serotonin imbalance is implicated in anxiety and depression. This may suggest that the results of the elevated-plus maze, which is also a common test of anxiety, may reflect a decrease in anxiety as opposed to or in addition to enhanced memory retention. This is also clinically relevant, as dysregulation of the hypothalamic-pituitary (HPA) axis is common in the aging population and may be associated with an increased risk of developing an anxiety or affective disorder [66, 67] . Drugs that increase serotonin in the brain have been demonstrated to reduce some of the dysfunction associated with HPA axis dysfunction [68] , and thus walnuts could offer similar benefits by elevating brain serotonin levels.
Walnuts have also been shown to have the potential to impact Alzheimer's disease. Amyloid-beta (A␤) protein is a major component of the senile (i.e. amyloid) plaques that are a hallmark of Alzheimer's disease [69, 70] . A␤ is associated with increases in oxidative stress and death of neurons [71, 72] . Walnut extract treatment of PC12 cells prevented A␤-induced cell death [73] . The pretreatment of cells with walnut extract also significantly reduced the percentage of DNA fragmentation, which is a marker of apoptosis, induced by A␤. Furthermore, walnut extract inhibited A␤-induced reactive oxygen species production. Moreover, walnut extract may have anti-amyloidogenic effects. A form of A␤ protein, fibrillar A␤, is the principal component of amyloid plaques [74] . Walnut extract inhibited A␤ fibril formation in a concentration and time-dependent manner and also defibrillized A␤ that had already been formed [75] . Although these studies were both performed in vitro, these data suggest that a diet rich in walnuts may be able to reduce A␤-mediated toxicity, cell death, and the formation of plaques. An important question, however, is: do the findings discussed here translate into beneficial effects in humans with respect to learning and memory?
In humans, walnuts were found to contribute to increases in brain-derived nerve growth factor (BDNF) [76] . Participants were randomly selected from an ongoing 6 year clinical trial examining the effects of the Mediterranean diet on men and woman aged 55-80 with cardiovascular disease risk factors. Three years into the clinical trial, the participants were assigned to one of the following diets: a control low fat diet, Mediterranean diet + virgin olive oil, or Mediterranean diet + nuts, and were maintained on these diets for an additional 3 years. The nuts component of the diet consisted of daily intake of 15 g walnuts and 15 g almonds. After adjusting for several characteristics such as smoking or prevalence of certain diseases, those consuming the Mediterranean diet + nuts had a significantly lower risk of having very low plasma BDNF level compared to the low fat diet group. Also, in those diagnosed with depression prior to study enrollment, mean plasma BDNF was higher in Mediterranean diet + nuts group compared to the low fat diet group. BDNF can affect neurotransmitter release, axonal elongation, growth, differentiation, and survival of presynaptic structure [77, 78] . Importantly, BDNF has been demonstrated to prevent or reverse memory loss, cognitive impairment, brain cell degeneration, and cell death in a transgenic mouse model of Alzheimer's disease, as well as aged mouse models [79, 80] , suggesting that the BDNF enhancement associated with tree nut consumption may have clinical implications for aging and dementia.
A recent study has specifically examined the effects of dietary walnut supplementation on cognitive performance [81] . Young adults were randomly assigned to two conditions using a crossover design, with a 6-week washout between the two conditions: walnuts, then placebo or placebo, then walnuts. Walnuts were consumed in banana bread and the placebo used was banana bread without walnuts. The participants consumed 3 slices of banana bread a day, which, in the walnut-supplemented condition, resulted in about 60 grams of walnuts a day. Data were collected for non-verbal reasoning, verbal reasoning, memory, and mood at baseline, after 8 weeks of walnut supplementation, and after 8 weeks of placebo. There was no effect of short-term walnut supplementation on mood, non-verbal reasoning or memory. However, inferential verbal reasoning significantly increased after walnut supplementation. Thus, it appears that in young and healthy adults, short-term walnut supplementation has a small, but not inconsequential, effect. The short duration of the walnut supplementation could have been a factor, but small improvements due to walnut consumption in healthy, cognitively-intact young adults, could translate into important outcomes in aging populations.
All these reports lend substantial support to the hypothesis that walnuts have the potential to allay agerelated cognitive decline and that the many bioactive components of walnuts may have a multitude of beneficial effects on the brain. However, research on the effects of other types of nuts on the brain and behavior is highly limited. Most studies have concentrated on the ability of nut consumption to raise blood antioxidant parameters or reduce signs of inflammation in peripheral tissue or in the blood. However, this is a field of research is open for new scientific study and these data shed light on the potential for these nuts to have an effect on the brain.
Almonds
Almonds (Prunus, species) are a good source of nutrients like vitamin E, arginine, and fiber [82, 83] . Almonds are also high in fatty acids, particularly LA and oleic fatty acids, which account for over 90% of the lipids in the almond seed (i.e. kernel) [84] . However, the fatty acid composition varies depending on the cultivar and location in which it was grown [85] . Both the almond pellicle (seed coat) and almond kernel (seed) have many flavonoids, a type of polyphenol with potent antioxidant properties. Extracts of almond pellicle and kernel were determined by high-performance liquid chromatography to contain the flavonoids quercetin, isorhamnetin, quercitrin, kaempferol 3-O-rutinoside, isorhamnetin 3-O-glucoside, and morin [83] . The pellicle of the almond is rich in bioactive compounds. For some preparations, such as blanching, the pellicle is removed, but for others, like roasting, it is not removed. Although the pellicle represents less than 5% of the total almond weight, it contains 70-100% of the total phenols present in the almond [86] , and has an ORAC of 0.398-0.500 mmol Trolox/g, demonstrating its antioxidant potential [87] .
The antioxidant potential of almonds has been demonstrated in humans. A clinical trial [88] was conducted examining the effects of almond consumption on serum parameters of oxidative stress and antioxidants in smokers and non-smokers. Participants were healthy young men (smokers and non-smokers) who consumed either 84 g of almond powder daily for four weeks or 120 g of pork daily for four weeks. Fresh boneless pork was chosen because it provides similar energy and protein as almonds. The male smokers whose diet was supplemented with almonds, but not pork, had enhanced serum alpha-tocopherol and plasma antioxidant enzymes, specifically superoxide dismutase and glutathione peroxidase, after 4 weeks of almond supplementation compared to baseline pretreatment concentrations. However, smoking was associated with significantly lower activities of antioxidant enzymes compared to those found in the nonsmokers, regardless of diet. Biomarkers of oxidative stress in smokers who consumed diets containing pork were reduced from baseline to post-diet assessments. Biomarkers of oxidative stress in porkconsuming nonsmokers were not altered. Using the Comet assay, the amount of DNA strand breaks in lymphocytes was determined to be greater in smokers than nonsmokers, but almond consumption reduced DNA strand breaks in smokers compared to pre-intervention levels. Baseline urinary 8-hydroxydeoxyguanosine (8-OHdG) and malondialdehyde (MDA) levels, reflective of oxidative DNA damage and lipid peroxidation, respectively, were higher in smokers compared to nonsmokers, but the almond diet reduced 8-OHdG and MDA levels in smokers. In fact, following almond consumption, urinary MDA in smokers was not significantly different from that of the nonsmokers.
Almonds have also shown potential as a possible adjunctive intervention in Alzheimer's disease [89] . Male rats were orally administered 150, 300, or 600 mg/kg of a fine paste of almond daily for 7 or 14 days; these doses were selected by conversion from a human dose of 5-6 nuts a day (6 grams). The ability of almond paste consumption to prevent scopolamine-induced amnesia was assessed. Almond paste-fed rats demonstrated significant reversal of some scopolamine-induced cognitive impairment when tested in the elevated-plus maze and in the passive shock avoidance paradigm. The memoryenhancing effects of almond paste may be due to its ability to influence the cholinergic system. Almond paste-fed rats exhibited pro-cholinergic activity, as indicated by reduced brain ACh esterase levels. The cholinergic system is known to play a role in the cognitive dysfunction associated with Alzheimer's disease and aging [90] . These animals also had a reduction in cholesterol and triglyceride levels compared to the rats that did not receive almond paste. This finding is important as cholesterol is thought to be associated with the accumulation of the amyloid plaques associated with Alzheimer's disease [91] . Taken together, these data suggest that the effects of almond consumption on the brain and behavior is a viable avenue for further research, with the goal of identifying foods that help delay the onset of cognitive dysfunction in aging and Alzheimer's disease.
Pistachios
It has been demonstrated that consumption of pistachios may improve cholesterol levels [92] . For ten weeks, rats were either fed control diet or one of two different treatment diets, which included pistachios constituting 20% or 40% of daily caloric intake. Consumption of pistachio as 20% of daily caloric intake increased high-density lipoprotein (HDL) levels and decreased total cholesterol (TC)/HDL ratio, compared with those rats that were not consuming pistachios. However, TC, LDL cholesterol, and triglyceride levels were unaffected by pistachio consumption. Compared to the rats consuming control diet, consumption of pistachios as 20% of daily caloric intake also increased serum paraoxonase and arylesterase activity, which have been shown to inhibit LDL cholesterol oxidation. These results suggest that moderate pistachio consumption may be beneficial for both prevention and treatment of coronary artery disease.
Pistachios are unique nuts, in that they are the only known nut containing anthocyanins, the pigments responsible for the colors of many vegetables and fruits [93] . Various studies in animal models and in humans have suggested that intake of anthocyaninrich foods confers some beneficial effects against age-related neurodegeneration and cognitive decline [94] [95] [96] [97] [98] . Anthocyanins are a type of flavonoid and, as indicated in Table 3 , pistachios are a rich source of flavonoids, with an average content of about 34 mg/100 g of dry nuts. The level of flavonoids varies in tree nuts as well as in fruits. For example, the level of flavonoids found in blueberries is 117.59 mg/100 g, for cranberries is 22.64 mg/100 g, and for blackberries is 19.85/100 g [99] . Notably, these fruits have been demonstrated to abrogate age-related cognitive decline in rats [97, 100, 101] , and thus it may be that pistachios have a similar potential if these alterations were at least in part due to the activity of flavonoids in vivo; however, this remains to be tested.
The total content of phenolic compounds in pistachios has been shown to be significantly higher in pellicles than in kernels [93] . Pistachio pellicles and kernels were found to contain gallic acid, catechin, eriodictyol-7-O-glucoside, naringenin-7-Oneohesperidoside, quercetin-3-O-rutinoside and eriodictyol. Genistein-7-O-glucoside, genistein, daidzein and apigenin were found only in pistachio kernels, while epicatechin, quercetin, naringenin, luteolin, kaempferol, cyanidin-3-O-galactoside and cyanidin-3-O-glucoside were determined to be only in the pistachio pellicles. It appears that in order to optimize the variety of phenolic compounds, one should eat the whole nut, with pellicle intact. The antioxidant activities of pistachio kernels and pellicles were also determined and it was found that the pellicles possessed better antioxidant activity compared to the kernels. The excellent antioxidant activity of pistachio pellicles might be explained, at least in part, by their anthocyanins, which are known antioxidants.
Pecans
Pecans are a rich source of proanthocyanidins, with an average content of about 494 mg/100 g of dry nuts (Table 3) . Although, proanthocyanidin content widely varies among different types of tree nuts (Table 3) , proanthocyanidin content from tree nuts is comparable to levels with that of blueberries (cultivated blueberries; 179 mg/100 g, wild blueberries; 332 mg/100 g), cranberries (418 mg/100 g), and black plums (238 mg/100 g). Studies have demonstrated that foods high in proanthocyanidins like blueberries, cranberries, and plums have the potential to forestall age-related cognitive declines in rats [98, [100] [101] [102] and humans. However, studies specifically examining the effects of pecan consumption on the aging brain either in animals or in humans have not been conducted. Given the bioactive constituents in pecans, this is an avenue of research that is suitable for further study.
Rajaram et al. investigated the ability of a pecansupplemented diet in modifying serum lipids and lipoproteins in men and women with normal to moderately high cholesterol compared to a Step I diet [103] . A Step I diet is a diet recommended by physicians and was developed by the National Cholesterol Education Program to help lower cholesterol. In this cross-over designed study, participants were assigned to follow two different diets, for 4 weeks each:
Step I diet and a Step I + pecan diet, which involved reducing all food items in a Step I diet by one fifth, so that total energy was reduced by 20%, and then replacing that portion of the diet with an isoenergetic amount of pecans. Both diets improved the lipid profile, but the consumption of the Step I + pecan diet decreased serum TC, LDL cholesterol, and triglycerides more than the Step I diet alone. The Step I + pecan diet also increased HDL cholesterol. Serum apolipoprotein B decreased and apolipoprotein A1 increased when participants consumed the Step I + pecan diet compared with when they consumed the Step I diet. The favorable alterations that the Step I + pecan diet had on the serum lipid profile, beyond those that were observed in the Step I diet alone, suggest that pecans may be a healthy recommendation for lowering cholesterol.
In addition to the beneficial effects of the pecan nut itself, researchers have also investigated pecan nut shell extract as a possible dietary supplement. Pecan nut shells are generally a byproduct of pecan processing, but the aqueous extract has sometimes been consumed in tea because of its high antioxidant potential. A recent study sought to determine if consumption of pecan shell extract by rats could prevent the extrapyramidal disorders that developed during typical antipsychotic treatment [104] . These drug-induced motor disorders have been attributed to oxidative damage. Orofacial dyskinesia and catalepsy was induced by acute reserpine or subchronic haloperidol administration either before or after oral treatment with pecan shell aqueous extract, a potential antioxidant. When administered ad libitum for 4 weeks prior to drug-exposure, the pecan shell extract prevented orofacial dyskinesia and catalepsy induced by both drugs. When reserpine and haloperidol were administered before the extract, the animals continued to develop the extrapyramidal symptoms, however, the orofacial parameter was reversed after 7 and 14 days of oral treatment with pecan shell extract. These results suggest the antioxidant potential of pecan shell extract may prevent or reduce some of the oxidative damage induced by these antipsychotic drugs.
Pecan nut shell aqueous extract has also been evaluated for its ability to combat oxidative damage induced by cigarette smoke exposure and behavioral symptoms of smoking withdrawal [105] . Mice were exposed to cigarette smoke for 3 weeks and were orally treated with pecan nut shell extract one week prior to and throughout the 3 weeks of smoke exposure. Pecan nut shell extract prevented oxidative damage, as indicated by reduced brain lipid peroxidation in the mice that received the pecan shell extract during smoke exposure. It also bolstered antioxidant defenses of mice exposed to cigarette smoke, as mice that consumed pecan nut shell extract had higher levels of ascorbic acid in their brains than those mice exposed to smoke who did not. Pecan nut shell extract also reduced the locomotor activity and anxiety symptoms induced by smoking withdrawal. Together, these studies suggest a variety of potential beneficial health effects that pecans and pecan shell extract may have on the cardiovascular system, brain, and behavior. However, one can only speculate as to whether pecan nut or pecan nut shell consumption could mitigate age-related behavioral declines or alterations in neuronal functioning because studies specifically addressing this have not been performed.
A note on dietary supplements
There are many dietary supplements available that contain various forms of PUFAs, which are found in large amounts in walnuts, but are also found in other tree nuts (Table 2) . It is not clear if relying on supplements alone can provide the same benefit as consuming tree nuts. Supplements may not be a suitable replacement for a healthy diet as they cannot replicate all of the nutrients and potential benefits of whole foods. Tree nuts, as discussed, have numerous bioactive constituents like phytochemicals and melatonin, and nutrients like folate and Vitamin E. Thus, in order to fully reproduce the entire array of components that are found in various tree nuts, one would have to rely on numerous supplements beyond those that contain PUFAs. However, previous research has demonstrated that when foods are reduced to individual components, they may not be as effective as the whole food [106, 107] .
Conclusions
Tree nuts may prove to be important nutritional interventions in the prevention and treatment of neurological dysfunction and neurodegeneration. Nuts are nutrient dense and contain a variety of bioactive compounds, including PUFAs and phytochemicals, specifically polyphenols. There is growing evidence that these bioactive constituents have the potential to reduce oxidative stress, inflammation, and cognitive decline associated with aging. Specifically, walnuts have been demonstrated to be able to alter the level of inflammation and oxidative stress in vitro, as well as age-related cognitive decline in rats, and may enhanced cognition in humans as well. Walnuts have the highest level of the omega-3 fatty acid ALA compared to all other edible plants. In fact, the amounts and types of unsaturated fats and phytochemicals vary among different types of tree nuts and, thus the effects of tree nuts on health may not be created equal. However, there is a dearth of research examining the direct effects of nut consumption on the brains and behavior of the aging population. This suggests that more research is needed to determine the efficacy of different tree nuts in preventing age-related alterations of the brain and to determine if there are differential effects of tree nuts on the indices associated with the aging brain. Clinical studies supplementing the diets of those individuals with age-related cognitive declines with various amounts of different tree nuts would be the first step in determining if consumption of tree nuts can allay age-related cognitive decline. These studies should also determine the necessary duration of the dietary intervention and if the intervention can be implemented after the occurrence of cognitive declines or only prior to their development. Furthermore, the cellular mechanisms by which nuts may affect neuronal health and functioning in aging are understudied. As is the case with a number of other nutritional substances, it is likely that nuts may exhibit a multiplicity of effects on neural tissue to forestall and reverse motor and cognitive decline during the aging process. While the cure for dementia continues to elude scientists, nutritional intervention with tree nuts, particularly walnuts, may be effective in forestalling the neurological changes associated with aging.
